Abstract -Two new laboratory courses focused on tissue engineering have been developed and implemented in the Bioengineering Department at Rice University. The content of these courses is quite unique, yet fully supports the department's emphasis on biomedical engineering at the molecular, cellular, and tissue levels. This sequence of required undergraduate laboratory courses is designed to teach students mammalian tissue culture techniques, to develop their ability to design and conduct experiments, and to meet department-specific ABET Program Outcomes. In BIOE 342, students learn sterile technique, develop their ability to visually assess cell morphology and confluency, and learn how to maintain cells in culture. Using fibroblast cells, students conduct viability, attachment, and proliferation assays. In BIOE 441 students apply their tissue culture techniques to a tissue engineering challenge. Students assess the physical and chemical properties of two polymers. Students design and conduct experiments to quantify the viability, attachment, and proliferation of fibroblast cells on polymer films. Students are not given protocols for these experiments; they must develop new protocols or adapt protocols from BIOE 342 and make adjustments for experimental differences. Most students repeat experiments with a redesigned protocol.
I. INTRODUCTION
The Bioengineering undergraduate cumculum at Rice University is designed to prepare students for careers in the rapidly developing areas of biomedical engineering and bioprocessing. The undergraduate educational program in Bioengineering has the goal of producing a new type of biomedical engineer, hlly conversant with modern biochemistry and cell and molecular biology [I] . New and innovative curricula in lecture and laboratory courses are being developed to educate bioengineers who not only create new tissues and cell-based therapies but also deliver them at a cost affordable to our health care system.
The laboratory environment is well suited for hands-on training in bioengineering. Laboratory courses are ideally suited for problem-based learning where students refine their abilities to design and conduct experiments, as well as to analyze and interpret data. Several departments and programs that are making contributions in this area include the Colorado School of Mines Multidisciplinary Engineering Laboratory [2] and the VaNTH Engineering Research Center (ERC) program [3] . Students also learn modem biological methods and engineering applications. Finally, assignments can easily be tailored to enhance communication skills. The experiments in BIOE 342 are divided into three segments: "Introductory Material," "HDF Cell Survival and Function," and "GFP Transfection."
DEVELOPED LABORATORY COURSES
The protocols in ''Introductory Material" are designed to familiarize students with the equipment and tools used in tissue culture work such as light microscopes, micropipettes, and Coulter Counters. The protocols in "HDF Cell Survival and Function" include HDF viability, attachment, and proliferation assays. Finally, students transfect cells with a plasmid containing green fluorescent protein (GFP) during the "GFP Transfection'' segment. Quantitative techniques to measure cell number and activity are stressed throughout the course.
The assignments and grading for the course are geared to reinforce laboratory work and analysis of collected data. Each student develops a draft and a final poster that covers the objectives, succinct summary of experimental methods, experimental results, and implications of the work from the "HDF Cell Survival and Function" segment of the course.
B. Tissue Engineering Module in Advanced Bioengineering

Lab -BIOE 441
The Advanced Bioengineering Laboratory, BIOE 441, is comprised of five different laboratory modules through which the students rotate. One of those modules is the Tissue Engineering Module. The experiments in the Tissue Engineering Module comprise several of the basic experiments that would be required to do a preliminary investigation of a tissue-engineered product [4-61. The experiments in the Tissue Engineering Module are divided into two segments: "PLLA and PLGA Characterization" and "Interaction of HDF Cells with PLLA Films."
The protocols in the "PLLA and PLGA Characterization" segment focus on the characterization of poly(L4actic acid) (PLLA) and poly@L-lactic-co-glycolic acid) (PLGA) polymers using Gel Permeation Chromatography (GPC), Differential Scanning Calorimetry (DSC), and Fourier Transform Infrared (FTIR). Students synthesize PLLA, cast thin polymer films of PLLA and PLGA on glass coverslips, and monitor PLLA and PLGA degradation in phosphate buffered saline (PBS) over 4 weeks.
Since the students became experts in sterile technique in BIOE 342, they are ready for problem-based learning in the BIOE 441 laboratory course. Students are presented with a challenge in the "Interaction of HDF Cells with PLLA Films" segment. Specifically, students must assess the viability, attachment, and proliferation of HDF cells on PLLA films. In pursuit of this challenge, students follow a path similar to the STAR Legacy Cycle used by the VaNTH ERC team [7] . Students generate ideas and protocols. They receive feedback from their partner, the instructor, and the teaching assistant. After a preliminary revision of their protocols, students attempt several experiments. Upon review of their results, students identify strengths and weaknesses of their protocols. Students repeat the design cycle and redo experiments until satisfied with their results or the time allowed for this module has expired.
This segment of the Tissue Engineering Module simulates "real-world" research and industrial environments since protocols are not made available. Students design their own experiments, including the number of repeat tests, type and number of controls, cell seeding concentrations, test surfates, etc. Students must design and adapt their own protocols based on skills learned in BIOE 342 and other laboratory courses.
In addition, students have to do substantial planning including managing their flasks of HDF cells so that the cells are confluent on the days that they need cells for particular experiments.
Because of the openended nature of the assignment, students develop unique approaches and protocols. Most students repeat two or three experiments with redesigned protocols.
Each student writes a draft and final research paper summarizing the methods and results of the Tissue Engineering Module. The papers are evaluated on clarity of writing, design of experiments, presentation of data, and analysis and interpretation of data.
DISCUSSION
Since both courses are very new, assessment tools are still being developed.
Current assessment includes extensive written terminal surveys and interviews that focus on content, laboratory experience, and lectures. In BIOE 342, the instructor could see profound changes in the students' abilities to perform sterile technique and correctly conduct assays using fibroblast cells.
In the BIOE 441 Tissue Engineering Module, students had the uniqce opportunity to design and execute experiments that they designed. While some students did well in the design and planning phase, other students performed poorly. An improvement was definitely noted regarding the students' abilities to analyze and present their data in a clear and cohesive manner as compared to their skills in BIOE 342. Almost all of the students commented that they liked the freedom to design experiments and work through the protocols in a trial-and-error fashion. Many recognized this as an important skill they will need when they graduate.
IV. CONCLUSION
This series of laboratory courses developed in the Bioengineering Department at Rice University is well suited to teach important laboratory skills to students as well as to present them with an open-ended challenge. In BIOE 342, students learn sterile technique and several basic cell assays. Once these skills are mastered, students successfully develop protocols to assess the more complicated and more realistic system of cells interacting with polymers in a tissue-engineered construct.
